The factors contributing to the development of spatial imagery skills are not well understood. Here we ask whether visual experience shapes these skills. Although differences between sighted and the blind on spatial imagery have been reported, it is unclear whether they are truly due to visual deprivation or extraneous factors such as reduced opportunities for the blind to interact with their environment. A direct way of assessing vision's contribution to spatial imagery development lies in determining whether these skills change soon after the onset of sight in a congenitally blind individual. We describe our results with ten children who gained sight after several years of congenital blindness. We find significant improvements in their spatial imagery skills following sight-restoring surgeries. These results provide evidence of vision's contribution to spatial imagery and also have implications for the nature of internal spatial representations.
Introduction
Being able to imagine and reason about the spatial structure of our environment is a crucially important skill. We rely upon it for various tasks such as handling and manipulating objects, and planning routes through complex layouts. However, the factors that contribute to the development of spatial imagery and reasoning skills are still unclear.
Sensory input across multiple modalities (vision, audition, touch and proprioception) is rich with information about the spatial structure of our environment and the objects therein 1, 2 . The redundancy of these multiple sources, and their strong interactions 3, 4 while providing robustness, also makes it difficult to titrate their individual contributions to spatial imagery. One way of gaining insight into this issue is to determine whether spatial skills change after the introduction of a sensory stream that an individual had been deprived of since birth. Obvious ethical considerations rule out forced sensory deprivation as an experimental manipulation with human subjects. This question has, therefore, remained largely unaddressed thus far.
One promising way forward is to study those rare cases wherein people have not received treatment for disorders that cause profound sensory loss in a particular modality, even though their conditions are curable. Previous studies have demonstrated the effectiveness of sight-restoring surgeries approach for studying various aspects of visual development 5 . However the influence of vision on spatial imagery task is not well researched. Do the spatial skills of such individuals change from before to after treatment? Specifically, we ask whether the spatial imagery skills of congenitally blind children change after they receive sight-restoring surgeries.
Our work builds upon earlier studies by other investigators who have compared spatial imagery skills of normally sighted and blind individuals. Although these experiments cannot reveal the influence of sight initiation on spatial skills after a lifetime of blindness, they do provide interesting cross-sectional data showing whether and how long-term visual deprivation affects spatial abilities.
The basic finding from these studies is that people born without sight are able to mentally experience spatial representations [6] [7] [8] [9] [10] , showing abilities similar to those of sighted individuals in generating pictures by means of haptic stimuli 11, 12 , performing classic mental rotation 13 , mental scanning 14 , and motor imagery tasks 15 . Moreover, it appears that blind and sighted participants rely on similar processes while carrying out imagery tasks, since they exhibit similar disruptions in performance by a spatial interference task when analyzing the shape of a series of mentally generated objects or when following a pattern on a mentally generated matrix 16 .
Several studies have found that congenitally blind individuals perform less accurately than age-matched sighted participants in spatial imagery tasks [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . However, the robustness of these group differences is debatable. Some studies have argued that visual experience is neither necessary nor sufficient for the development of spatial representations [27] [28] [29] [30] [31] [32] . Furthermore, the differences may be tied to specific task scenarios. For instance, Vecchi and his colleagues 33 suggested that the difficulty the blind experience may be tied more to the maintenance of multiple spatial structures in memory simultaneously rather than in manipulating any single one. It is also unclear whether any observed differences in the spatial skills of sighted and blind individuals are due to the lack of visual experience per se or due to the long-term (typically several years in duration) limitations on environmental exploration imposed by blindness. Furthermore, even if we accept that visual experience contributes to spatial skills, is its influence subject to a critical window of time during development, or can it be effective much later in life as well?
To summarize, past results on the contribution of vision to spatial imagery skills provide a mixed picture. Blind individuals are able to perform various imagery tasks, and the differences they exhibit relative to sighted participants cannot be definitively attributed to the lack of their visual experience. We believe that a more reliable way forward would be to adopt a longitudinal approach which would allow us to determine whether the onset of sight in a blind individual leads to changes in his/her spatial skills.
Methods

Subjects
We worked with three groups of participants.
Group 1-30 early blind children (15 males; 12.5-15 years, mean age 13 years). Individual subject information (age, cause of blindness) is appended to this manuscript as supplementary information. All children were enrolled in a school for the blind in New Delhi and knew Braille.
Group 2-30 normally sighted children (15 males; 9-11 years, mean age 10.5 years).
Group 3-10 congenitally blind children with treatable blindness (10 males; 12-22 years, mean age 15 years). All children in this group were blind due to dense bilateral congenital cataracts. Assessment of the congenitality of visual deprivation was based on parental reports and also the presence of nystagmus which is known to be induced by profound visual impairment very early in life 34 . Individual subject information is appended to this manuscript. The children were identified via outreach activities undertaken as part of Project Prakash 35, 36 . All children were provided surgeries which involved cataract extraction and intra-ocular lens implantation. Post-operative visual acuity ranged from 1.51 logMAR to 1.17 logMAR, with a mean of 1.38 logMAR.
There was no history of neurological or psychiatric illness in any of the subjects. Informed consent was obtained from all subjects prior to our study. Groups 1 and 2 were matched in size and gender composition to allow a cross-sectional comparison of their results. Group 3 was intended to derive longitudinal data (before and after sight-restoring surgery) allowing for a within-group analysis.
Stimuli and Procedure
The experimental stimuli comprised a series of square matrices with different numbers of elements (2×2, 3×3 and 4×4). Using raised pegs on a flat plastic board, the configurations of these matrices were designed to be conveyed easily by touch (figure 1). Subjects were seated comfortably and asked to tactually explore the peg-matrix configurations for 30 seconds to become familiar with their arrangement. They were free to use one or both hands to explore the stimuli. The lower-left peg was designated to be the 'origin'. The normally sighted (group 2) and congenitally blind subjects (group 3) after sight onset were blindfolded during this and remaining phases of the experiment. They had no visual experience with the peg board.
During the test, the training grid was removed from the reach of the subjects. They were directed to follow chains of directional commands given verbally by the experimenter. Each command involved a one step movement in the horizontal or vertical direction, starting at the origin. Subjects were asked to keep their hands still during the testing to prevent them from using any exogenous tactile reference frames.
There were three levels of command chains: levels 4 through 6 (corresponding to the number of sequential steps on the pegs of the matrix), as shown in figure 1c . Each subject underwent three trials at each command-chain level for each matrix size. For group 3 (newly sighted), we additionally included a level 3 command chain.
After the delivery of a command-chain, the matrix grid was again placed in a subject's hands and he/she was asked to point to the final position of the peg on the grid. No feedback was provided to the subjects.
Members of group 3 participated in two experimental sessions. The first was conducted prior to their surgery and the second was conducted post-surgery. The mean time to followup was 4.5 months.
Results
We report two results. The first is a cross-group comparison of the performance of sighted and congenitally blind participants. The second is a within-group comparison of the performance of group 3 participants pre-and post-surgery. The first result serves as a precursor to the second, and primary, result. It establishes differences between blind and sighted participants and sets the stage for an investigation of whether these differences can be bridged longitudinally by the introduction of sight.
Result 1
We conducted a 3-way ANOVA to investigate the main effects of children's visual status (sighted versus blind), sizes of matrices (2×2, 3×3 and 4×4) and length of command chains (4,5 and 6 level commands) and their possible interactions. The dependent variable was performance defined as the proportion of trials in which a subject correctly indicated the terminal position of a command chain.
The main effect of visual status was significant (F 1, 58) = 175.34, p < 0.001,η 2 =0.751); sighted participants overall outperformed visually impaired ones. Accuracy averaged across all conditions was 90.3% for sighted participants and 58.4% for the visually impaired. The main effect of matrix size was significant (F 2,116 = 46.781, p<0.001, η 2 =0.446) with larger matrix sizes eliciting poorer performance. The interaction between matrix size and command chains was significant (F 2,116 = 8.966, p < 0.001, η 2 =0.133); overall accuracy decreased with increased level of command complexity. The interactions between visual status and matrix size as well as between visual status and command chain length were significant ((F 2,116 = 45.154, p<0.001, η 2 =0.437) and (F 2,116 = 16.693, p<0.00, η 2 =0.223) respectively). Blind subjects performed well with small matrix sizes and low levels of command-chain length. With increasing task complexity, their performance decreased significantly relative to that of the sighted subjects.
The good performance of blind participants on low complexity grids/tasks indicates that they understand the basic task requirements. Differences in performance across sighted and blind groups replicates previous results [22] [23] [24] 33 , and more importantly, sets the stage for examining whether the observed differences between the sighted and blind can be mitigated if sight is initiated in the latter group. Figure 3 shows the pre-and post-surgical performance of group 3. Recapitulating results from group 1, pre-operative performance is high for small matrices and short command-chains, but declines as either of these parameters take on higher values. Post-treatment, the children were re-tested during a follow-up visit, on average 4.5 months after their surgeries. The children had spent the intervening period in their homes. No training or other visual rehabilitation was provided to them during this period.
Result 2
The children exhibited marked improvements in their performance post-operatively. They were proficient, often near ceiling levels, on the matrix sizes and command-chain levels that pre-operatively they had performed poorly on. From the results of 3-way repeated-measures ANOVA with surgical status (pre vs. post), matrix size and command chain length as within-subject factors, we found a main effect of sight acquisition; post-operative performance (95.8%) significantly exceeded pre-operative performance (64.8%) (F 1,9 = 691.38, p<0.001, η 2 =0.987), aggregating data across all matrix sizes and command chain levels. The main effect of matrix size was significant at p<0.001 (F 2,18 = 42.859, η 2 =0.988) as was the main effect of command chain length (F 3,27 =220.14, η 2 =0.96). The interactions between surgical status and matrix size as well as command chain length were both significant at p<0.001 (F 2,18 = 34.724, η 2 = 0.794 and F 3,27 = 69.893, η 2 =0.885 respectively).
Discussion
Our goal was to examine whether visual experience contributes to spatial imagery skills. We find that a basic level of spatial imagery can be developed even with very limited visual experience, as demonstrated by the ability of group 1 and group 3 pre-operatively to perform well on simple matrices and short command-chains. However, spatial imagery skills of congenitally blind children improve significantly and rapidly after the onset of sight. Taken together, these results suggest that visual experience can significantly enhance spatial imagery capabilities. This appears to be consistent with the distinctions between the different senses: audition, touch and proproception convey spatial information [37] [38] [39] , but do not match the richness of spatial detail provided by the visual modality [40] [41] [42] . This is echoed in our results showing that in the presence of profound visual impairment, the spatial abilities that develop are less able to handle complex imagery tasks than those following the onset of sight.
Besides demonstrating that internal spatial representations are enriched by visual information, the results reported here also bear upon the question of when such enrichment can happen. Analogous to the notion of sensory 'critical periods' 43 , there could also be a critical period for the development of spatial imagery skills. In other words, perhaps a sensory modality can influence spatial reasoning abilities only during a critical window early in the developmental timeline. If that period elapses without a sensory modality being available, then later restoration of that input will not have an impact on spatial abilities. Our results argue against such a notion in the context of vision. To the extent that congenitally blind children as old as 18 years of age show significant improvements in their spatial abilities after the onset of sight, we are led to conclude that the ability of vision to contribute to spatial skills is either not subject to a strict critical period, or the critical period, if it exists, extends beyond the late teenage years.
These findings bring up several interesting questions that await further study. We highlight three. First, does the nature of spatial imagery change qualitatively in progressing from blindness to sight 44, 45 ? If so, do the newly sighted use a fundamentally different imagery system post-operatively from the one they used pre-operatively? Or, is the post-operative system a more elaborated version of the same one that they used pre-operatively? Perhaps one way of addressing this issue will be by characterizing differences in tactile exploration strategies of the children from before to after sight onset. Functional brain imaging studies to examine neural correlates of mental imagery [46] [47] [48] [49] pre-and post-operatively will also help address this issue.
Second, what kinds of learning and representational change mechanisms can account for the rapidity with which spatial imagery abilities are seen to change after the onset of sight? In this context, some of our other results from Project Prakash deserve mention. While investigating the Molyneux question 50 with the newly sighted, we found that even though these children did not appear to possess a mapping between the spatial information provided by touch and that provided by vision immediately after sight restoring surgery, the mapping developed rapidly, in some cases over the course of a week. It will be interesting to ask whether the learning processes that yield cross-modal spatial mapping are related to the ones that enhance spatial imagery abilities, and precisely what their neural substrates might be.
Third, from an applied perspective, these results point to the capacity for improvement in spatial skills well into childhood. It is worth asking whether this improvement can be achieved in any way other than sight surgeries. This is of relevance to the many blind individuals whose blindness is currently not treatable.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Performance of congenitally blind children on spatial reasoning tasks of different complexities before and after gaining sight (blue and black bars, respectively). Levels of statistical significance: *: 0.05, **: 0.01.
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